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© Method and apparatus for smoothing code measurements in a global positioning system receiver. 

© A technique for smoothing pseudorange code 
measurements made in a global positioning system 
(GPS) receiver, with carrier phase measurements, 
over an extended time interval but without distortion 
that usually results from a divergence between code- 
derived pseudorange measurements and carrier-de- 
rived measurements. The basic principle of the in- 
vention is to remove ionospheric effects and Doppler 
effects from the pseudorange code measurements 
prior to filtering over an extended time interval. Re- 
moval of ionospheric effects may be effected by 
applying corrections received from a reference re- 
ceiver, or may be accomplished using measured or 
modeled ionospheric data available to the receiver. 
The invention is applicable to differential GPS posi- 
tion finding using remote receivers having only a 
single-frequency capability, but is also applicable to 
stand-alone GPS receivers of any type. 
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This invention relates generally to techniques 
for improving accuracy in range measurements 
made in global positioning system (GPS) receivers 
and, more particularly, to a technique for improving 
the accuracy of range measurements derived from 
GPS codes, using related measurements derived 
from GPS carrier phase. For a better understanding 
of these concepts, the basic operation of a conven- 
tional GPS receiver is first described by way of 
background. 

A GPS receiver makes use of multiple orbiting 
satellites to determine the position of the receiver 
in three-dimensions. Each satellite transmits radio- 
frequency (rf) signals on which are encoded a 
pseudo-random code of relatively long period. The 
satellite transmissions are controlled and accurately 
synchronized by ground stations, and the receiver 
can determine the range (straight-line distance) of 
each satellite from the timing of the received code, 
which is derived from the received rf signals. This 
calculated range to each satellite within view of the 
receiver is referred to as a pseudorange, because 
there is a time offset between a receiver clock and 
the timing of the satellite transmitters, and in gen- 
eral this time offset is not known. However, with at 
least four satellite signals, a receiver can solve for 
this time offset and the receiver position in three 
dimensions. Techniques for performing these cal- 
culations are now well known in GPS technology. 

In order to calculate its position, a receiver 
must also have knowledge of the instantaneous 
positions of the satellites. This information is also 
transmitted to the receiver in modulated form with 
the rf signal from each satellite transmitter. Thus 
each satellite also transmits ephemeris data defin- 
ing its orbit, as well as other data needed by the 
receiver, alt in a standard format known to the 
receiver. It will be understood from this brief de- 
scription that the key measurements made at the 
receiver are the pseudorange measurements for 
each satellite within view of the receiver. From the 
pseudorange measurements, the receiver calcu- 
lates its position, and a necessary time correction. 

The measurement of pseudoranges using GPS 
code techniques is subject to errors arising from 
several sources, the principal one of concern being 
multipath effects. Multipath errors result from the 
superposition of a reflected signal onto the original 
satellite transmission. The reflected signal may be 
from a geographical or architectural feature near 
the receiver. The effect of noise, principally mul- 
tipath noise, on pseudorange measurements de- 
rived from GPS codes is to reduce the accuracy of 
the resultant position calculations made in the re- 
ceiver. Therefore, much attention has been direct- 
ed to techniques for improving the accuracy of the 
pseudorange measurements. 



A measure of range may also be derived from 
the phase of the carrier signal as received, or 
actually as reconstructed, in the receiver. (The car- 
rier has to be reconstructed because it is the 
5 nature of spread spectrum modulation, used to 
modulate the carrier in the satellite transmitters, 
that the carrier frequency is suppressed.) The 
phase of the reconstructed carrier signal, relative to 
a local clock in the receiver, is referred to as the 

io "relative carrier phase." Because the wavelength of 
the carrier is much smaller than the wavelength of 
the pseudorandom code that modulates the carrier, 
the relative carrier phase provides a much more 
accurate measure of pseudorange, but one that is 

75 only potentially helpful because of the "whole-cycle 
ambiguity" of phase measurements. Although the 
receiver can measure relative phase to a small 
fraction of carrier wavelength, it cannot easily de- 
termine the number of whole carrier wavelengths 

20 between the receiver and the transmitter. There- 
fore, relative carrier phase by itself is not a useful 
measure of pseudorange. 

A more useful phase measurement is referred 
to as "integrated carrier phase" or "integrated 

25 Doppler." From the time a satellite signal is first 
acquired as the satellite rises above the horizon, 
the relative carrier phase changes as a result of the 
Doppler effect. As the satellite moves toward the 
receiver and then recedes away from it, the per- 

30 ceived frequency of the carrier changes as a func- 
tion of the relative velocity of the satellite. The 
integrated carrier phase is derived by integrating 
the time rate of change of the relative phase over a 
selected time interval. When the relative velocity of 

35 the satellite with respect to the receiver is zero, the 
rate of change of relative phase is zero. When the 
relative velocity is larger in a positive sense, as 
when the satellite is approaching the receiver, the 
rate of change of the relative phase is also larger. 

40 When the relative velocity is larger in the opposite 
sense, as when the satellite is receding, the rate of 
change of the relative phase is also larger in the 
opposite sense. Thus the rate of change of relative 
phase provides a measure of relative velocity, and 

45 the integral of relative phase over a time interval 
provides a measure of change of range over the 
same time period. 

Fortunately, carrier phase measurements are 
not affected by multipath noise anywhere near as 

so much as code measurements. This is largely a 
matter of their relative wavelengths. For some 
years it has been known that the fine accuracy and 
noise immunity of carrier phase measurements can 
be combined with the coarse accuracy of code 

55 measurements of pseudorange, to obtain virtually 
noise-free pseudorange code measurements. This 
process is usually referred to as "smoothing code 
measurements with carrier measurements," and 
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was first described by one of the present inventors, 
Ronald R. Hatch, in "The Synergism of GPS Code 
and Carrier Measurements," Proc. of the Third 
(1982) Intl. Geodetic Symposium on Satellite Dopp- 
ler Positioning," DMA/NOS. pp. 1213-32. 

As described in the Hatch paper, the smooth- 
ing of code measurements with carrier measure- 
ments can be performed as a post-processing 
function, after code and carrier measurements have 
been accumulated for a time, or can be performed 
in real time. In the specific method described by 
Hatch, carrier measurements of range change are 
first mapped into delta-pseudorange values that 
take into account ionospheric effects. Then these 
values are subtracted from pseudorange code 
measurements made over the same time period. 
Since the pseudorange (code) measurements and 
the delta-pseudorange (carrier) measurements are 
affected to the same degree by the Doppler effect, 
this subtraction of accumulated Doppler from the 
pseudorange values should result in a relatively 
constant pseudorange signal, equivalent in value to 
the pseudorange at the start of the integration 
interval. This constant signal still contains noise, 
however, principally due to multipath effects. Next 
the relatively flat pseudorange signal is filtered to 
remove the noise, and then the delta-pseudorange 
values are added back in, to produce a smoothed 
set of pseudorange measurements. 

The smoothing process described in the Hatch 
paper depends on having access to both of the two 
carrier signals provided by GPS satellites, at fre- 
quencies referred to as Li and La. Since 
ionospheric effects vary with frequency, they may 
be corrected for by using the carrier measurements 
obtained from the two satellite signals. For simpler, 
and much less costly, GPS receivers having only a 
single-frequency capability, use of the smoothing 
process enjoys more limited success because of 
the divergence of code and carrier pseudorange 
signals with the passage of time. The ionosphere 
affects code and carrier signals differently. As sig- 
nals propagate through the ionosphere, they exper- 
ience a delay proportional to the inverse of the 
square of the frequency. Code signals do indeed 
experience such a delay. Therefore, the code sig- 
nals arrive late and cause the perceived 
pseudorange to be longer than its correct value. 
Carrier signals, on the other hand, experience an 
equal and opposite phase advance as a result of 
passage through the ionosphere, and the perceived 
carrier pseudorange is shorter than its correct val- 
ue. Although this phenomenon is not intuitively 
obvious, it is a well understood and universally 
accepted principle of GPS technology. 

Errors that influence pseudorange measure- 
ments can be considered as falling into three cate- 
gories. The first category contains phenomena that 



affect code and carrier measurements in a similar 
manner. These can be eliminated by subtracting 
the carrier signals from the code signals, as is 
done in the smoothing process. The second cate- 
5 gory includes just multipath effects, which act prin- 
cipally on code signals, and negligibly on carrier 
signals. These are virtually eliminated by the filter- 
ing step of the smoothing process. This leaves only 
the third category: the ionospheric effect, which 
10 affects code and carrier signals in opposite senses. 
For a single-frequency receiver, the smoothing pro- 
cess can be carried out for only a limited time 
before the divergence of carrier and code measure- 
ments results in a large difference between the 
75 shape of the smoothed pseudorange code mea- 
surements and the unfiltered pseudorange code 
measurements, Typically, the smoothing process is 
used only for periods of ten to fifteen minutes, to 
minimize the effects of this divergence. 
20 Accordingly, there is a need for an improved 

technique for smoothing GPS code measurements, 
to provide higher accuracy over longer periods of 
time. The need is especially evident in the context 
of differential GPS. The concept of differential GPS 
25 is based on the fact that errors experienced by a 
GPS receiver, which may be moving, correlate 
closely with similar errors experienced by another 
receiver, a reference receiver in a nearby location 
that has been accurately surveyed. Errors mea- 
30 sured at the reference receiver are transmitted to 
other receivers in the vicinity, over a communica- 
tion link unrelated to the GPS. These other receiv- 
ers, referred to as remote receivers, can then gen- 
erate very accurate differentially corrected location 
35 solutions. 

In a conventional differential GPS configuration, 
the reference receiver, which knows its own posi- 
tion to a high degree of accuracy, computes the 
actual range of each satellite based on the receiver 
40 location and on orbital position data provided in the 
ephemeris data transmitted with the GPS signals. 
The reference receiver also obtains the 
pseudorange to each satellite from code measure- 
ments, and subtracts the computed pseudorange, 
45 to obtain a pseudorange error for each satellite. 
The pseudorange errors are transmitted to and 
received by the remote receiver, which applies 
these error values as corrections to its own 
pseudorange code measurements. 
so Smoothing of the code measurements with the 

carrier measurements is currently applied to dif- 
ferential GPS by smoothing for five to ten minutes 
in the reference receiver, to produce code correc- 
tions with reduced multipath noise, and in the re- 
55 mote receiver. A smoothed pseudorange error is 
transmitted to the remote receiver and applied to 
the smoothed pseudorange measurements. 
Smoothing for a longer interval results in greater 
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divergence between the code and carrier measure- 
ments. Moreover, this arrangement works only so 
long as the smoothing intervals in the reference 
and remote receivers are concurrent in time. If 
there is loss of communication between the refer- 
ence and remote receivers, each will restart its 
smoothing interval independently of the other, ag- 
gravating the divergence problem. 

Ideally, what is needed is a technique for 
smoothing pseudorange code measurements over 
a longer period of time without concern about the 
effect of divergence between code and carrier 
measurements. Such a technique could be applied 
to stand-alone receivers or to differential GPS re- 
ceivers. As will become apparent from the following 
summary, the present invention satisfies this need. 

The present invention resides in a method, and 
corresponding apparatus, for smoothing GPS 
pseudorange code signals with carrier signals over 
a relatively long time period, to reduce multipath 
and other errors. Another aspect of the invention 
applies the same principle to differential GPS, to 
derive corrected range measurements at a remote 
GPS receiver, these corrected range measure- 
ments being largely independent of multipath ef- 
fects. 

Brefly, and in general terms, the method of the 
invention comprises the steps of obtaining 
pseudorange code measurements and integrated 
carrier phase measurements in a single-frequency 
GPS receiver; deriving from the pseudorange code 
measurements and the integrated carrier phase 
measurements a composite set of measurements 
that is substantially free of Doppler effects and 
ionospheric effects; filtering the composite set of 
measurements over an extended time interval to 
remove errors that affect pseudorange measure- 
ments more than integrated carrier phase measure- 
ments; and replacing Doppler effects in the filtered 
composite set of measurements, to obtain 
smoothed pseudorange code measurements. Since 
ionospheric effects are the principal cause of diver- 
gence between code-derived pseudoranges and 
carrier-derived measurements, filtering after the 
ionospheric effects have been removed can be 
performed over a long time interval without distor- 
tion of the results. Moreover, techniques are dis- 
closed for removing the ionospheric effects in the 
context of a single-frequency receiver, either a 
remote receiver using differential GPS or a stand- 
alone receiver. 

In the differential GPS context, the step of 
deriving a composite set of measurements includes 
receiving pseudorange code corrections from a ref- 
erence receiver; applying the pseudorange code 
corrections to the pseudorange code measure- 
ments, to obtain corrected pseudorange code mea- 
surements virtually free of ionospheric errors; re- 
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ceiving carrier phase corrections from the refer- 
ence receiver; applying the carrier phase correc- 
tions to the pseudorange code measurements, to 
obtain corrected carrier phase measurements virtu- 
5 ally free of ionospheric errors; and subtracting the 
corrected carrier phase measurements from the 
corrected pseudorange code measurements, to ob- 
tain the composite set of measurements without 
ionospheric or Doppler effects. 

10 In another context, as in a stand-alone receiver 

or a reference receiver of a differential system, the 
step of deriving a composite set of measurements 
includes subtracting the carrier phase measure- 
ments from the pseudorange code measurements, 

75 to obtain code offset measurements substantially 
free of Doppler effects; and subtracting ionospheric 
error values from the code offset measurements, to 
obtain the composite set of measurements sub- 
stantially free of ionospheric and Doppler effects. 

20 More specifically, in the stand-alone context, 

the step of subtracting ionospheric values includes 
applying a correction derived from independent 
ionospheric measurements. Alternatively, the step 
of subtracting ionospheric values includes applying 

25 a correction derived from ionospheric model data 
received with GPS signals. 

In a specific embodiment of the invention using 
differential position determination, the method in- 
cludes, in the reference receiver, the steps of ob- 

30 taining pseudorange code measurements and in- 
tegrated carrier phase measurements, subtracting 
the carrier phase measurements from the 
pseudorange code measurements to obtain code 
offset measurements, removing ionospheric effects 

35 from the code offset measurements, filtering the 
resulting code offset measurements to obtain 
smoothed code offset measurements, adding back 
the carrier phase measurements to obtain 
smoothed pseudorange code measurements, com- 

40 puting range measurements from the known posi- 
tion of the receiver and known orbital parameters of 
satellites from which signals are being received, 
and subtracting the computed range measurements 
from the smoothed pseudorange code measure- 

45 ments, to obtain range corrections. Then the meth- 
od performs the step of transmitting from the refer- 
ence receiver to the remote receiver the code 
offset measurements prior to smoothing, and at 
least one set of measurements pertaining to 

so smoothed range corrections. In the remote receiv- 
er, the method includes the steps of obtaining 
pseudorange code measurements and integrated 
carrier phase measurements, subtracting the carrier 
phase measurements from the pseudorange code 

55 measurements to obtain code offset measure- 
ments, removing ionospheric effects by subtracting 
the code offset measurements received from the 
reference receiver, filtering the resulting code offset 

4 
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measurements to obtain smoothed code offset 
measurements, adding back the carrier phase mea- 
surements to obtain smoothed pseudorange code 
measurements, and then applying range correc- 
tions derived in part from the at least one set of 5 
measurements pertaining to smoothed range cor- 
rections, to derive corrected range measurements. 

More specifically, the step of transmitting at 
least one set of measurements pertaining to 
smoothed range corrections includes transmitting w 
smoothed code offset measurements and transmit- 
ting range corrections. In the remote receiver, the 
step of applying range corrections includes sub- 
tracting the smoothed code offset measurements 
received from the reference receiver from the 75 
range corrections transmitted from the reference 
receiver, subtracting the resulting range errors from 
estimated ranges computed in the remote receiver, 
and subtracting the results of the latter subtraction 
from the smoothed code offset measurements gen- 20 
erated in the remote receiver, to obtain the cor- 
rected range measurements. 

The invention may also be defined in equiv- 
alent apparatus terms. For example, the apparatus 
may be defined as comprising means for obtaining 25 
pseudorange code measurements and integrated 
carrier phase measurements in a single-frequency 
GPS receiver; means for deriving from the 
pseudorange code measurements and the integrat- 
ed carrier phase measurements a composite set of 30 
measurements that is substantially free of Doppler 
effects and ionospheric effects; means for filtering 
the composite set of measurements over an ex- 
tended time interval to remove errors that affect 
pseudorange measurements more than integrated 35 
carrier phase measurements; and means for re- 
placing Doppler effects in the filtered composite set 
of measurements, to obtain smoothed pseudorange 
code measurements. 

In terms of apparatus for differential position 40 
determination at a remote global positioning sys- 
tem (GPS) receiver, the invention may be defined 
as comprising a reference receiver, including 
means for obtaining pseudorange code measure- 
ments and integrated carrier phase measurements; 45 
means for transmitting to a remote receiver at least 
two sets of measurements selected from the 
pseudorange code measurements, the integrated 
carrier phase measurements, corrections to the 
pseudorange code measurements, corrections to 50 
the integrated carrier measurements, and the dif- 
ference between the pseudorange code measure- 
ments and the integrated carrier phase measure- 
ments; and a remote receiver, including means for 
obtaining pseudorange code measurements and in- 55 
tegrated carrier phase measurements, means for 
processing the locally obtained measurements us- 
ing the measurements received from the reference 



receiver, to derive a set of measurements substan- 
tially free of ionospheric effects and Doppler ef- 
fects, means for filtering this derived set of mea- 
surements to remove noise effects, and means for 
restoring the Doppler effect to provide a smoothed 
and corrected set of pseudorange code measure- 
ments. In one of the disclosed embodiments, the 
reference receiver further includes means for com- 
puting theoretical pseudorange values and theoreti- 
cal carrier phase values using the reference re- 
ceiver's known position and known information 
about satellite orbits, and means for computing 
corrections for the pseudorange code measure- 
ments and the carrier phase measurements. The 
means for transmitting to the remote receiver in- 
cludes means for transmitting the corrections for 
the pseudorange code measurements and the car- 
rier phase measurements. In the remote receiver, 
the means for processing the locally obtained mea- 
surements includes means for applying the correc- 
tions transmitted from the reference receiver, to 
obtain corrected pseudorange code measurements 
and corrected carrier phase measurements that are 
virtually free of ionospheric effects, and means for 
subtracting the corrected carrier phase measure- 
ments from the corrected pseudorange code mea- 
surements, to obtain the set of measurements for 
filtering. 

It will be appreciated from the foregoing that 
the present invention represents a significant ad- 
vance in the field of high precision GPS receivers. 
In particular the invention provides a new approach 
that permits smoothing of pseudorange code mea- 
surements with carrier phase measurements over a 
relatively long time interval without distortion that 
usually results from a divergence between code- 
derived and carrier-derived values. The invention is 
applicable to single-frequency receivers, and is 
particularly well suited for application to differential 
GPS position finding using a single-frequency re- 
mote receiver. Other aspects and advantages of 
the invention will become apparent from the follow- 
ing more detailed description, taken in conjunction 
with the accompanying drawings. 

Fig. 1 is a diagram illustrating the prior art 
principle of smoothing GPS code measurements 
with integrated phase carrier measurements; 
Fig. 2 is a block diagram illustrating one em- 
bodiment of the present invention, for smoothing 
code measurements with carrier measurements 
over a relatively long time interval; 
Fig. 3A is a block diagram illustrating operations 
performed at a reference GPS receiver using 
the principles of the present invention; 
Fig. 3B is a block diagram illustrating operations 
performed at a remote GPS receiver associated 
with the reference receiver of Fig. 3A; and 
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Figs. 4A and 4B are a block diagrams similar to 
Figs. 3A and 3B, illustrating an alternate em- 
bodiment of the invention. 

As explained at some length in the foregoing 
background section of this specification, the 
present invention is concerned with improvements 
in GPS receivers that use smoothing of code mea- 
surements with integrated carrier phase measure- 
ments. The smoothing process may be best ex- 
plained with reference to Fig. 1, which shows a 
prior art process for smoothing pseudorange (code) 
measurements in a receiver capable of processing 
both Li and U GPS signals. 

In the curves shown in block 10 in Fig. 1, the 
change in range (delta-range) measurements de- 
rived from an integration of the rate of change of 
relative carrier phase, are plotted with respect to 
time. The curves (one for each frequency of the 
carrier signals) have a characteristic shape indica- 
tive of an approaching, then receding satellite. The 
minimum values of delta-range correspond with the 
time when the satellite is closest to the receiver. 
The curves are relatively smooth because carrier 
measurements are only negligibly subject to mul- 
tipath effects. 

The curves in block 12 indicate pseudorange 
or code measurements taken over the same time 
interval as the carrier measurements. They have a 
similar characteristic shape, but are distorted by 
noise, which is principally due to multipath effects. 

As indicated in block 14, the carrier measure- 
ments are mapped to corresponding delta- 
pseudorange values, shown in block 16, using a 
mapping transformation that is solely a function of 
the carrier frequencies Li and L 2 . The mapping 
equations may be found in the Match paper cited 
earlier in this specification. The resulting mapped 
delta-pseudorange values shown at 16 represent 
highly accurate changes in pseudorange computed 
from carrier measurements to account for 
ionospheric effects. 

Next, the delta-pseudorange values are sub- 
tracted from the corresponding pseudorange (code) 
measurements of the curves in block 12, as in- 
dicated by the subtraction circuit 18. Since both 
carrier and code measurements were subject to the 
same Doppler effects, the result of this subtraction 
should be to produce a relatively flat pair of curves, 
showing the pseudorange with the Doppler effect 
temporarily removed, as indicated in block 20. 
However, these curves still have the noise compo- 
nents of the curves in block 14. The next step is to 
smooth these curves by filtering over a selected 
time interval, as indicated at 22, producing the 
smoothed curves shown in block 24. 

Finally, the delta-pseudorange values from 
block 18 are added back into the smoothed curves 
of block 24, as indicated by the adder circuit 26, 
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and smoothed pseudorange measurements are ob- 
tained as indicated in block 28. 

As explained in the foregoing background sec- 
tion, the smoothing process shown in Fig. 1 cannot 
5 be used for more than short periods of time in a 
single-frequency GPS receiver, because of the di- 
vergence between code measurements and carrier 
measurements over a longer time. Moreover, the 
basic process of Fig. 1 as applied to differential 
w GPS is most successful if smoothing is applied 
over identical time intervals in reference and re- 
mote receivers. 

In accordance with the present invention, 
pseudorange code-derived values in any GPS re- 
75 ceiver, whether single- or dual-frequency, can be 
smoothed with carrier measurements over a much 
longer time interval than was previously possible. 
Further, as will be explained below, the principle of 
the invention can also be usefully employed in 
20 differential GPS receivers. 

Fig. 2 shows the smoothing technique of the 
invention as it might be employed in any GPS 
receiver, whether differential or independent. As in 
other systems, two forms of measurements are 
25 made: pseudorange or code measurements, as in- 
dicated at 30, and integrated carrier phase mea- 
surements, as indicated at 32. The units of mea- 
surement are consistent with each other and might, 
for example, be in meters, or in wavelengths of the 
30 carrier signal. In this description, it is also assumed 
that the integrated carrier phase measurement is 
initialized to be equal to the pseudorange value at 
the start of an integration interval, such as when 
the satellite signal is first acquired. Therefore, the 
35 integrated carrier phase contains a constant offset 
equal to the error in this initial value of the 
pseudorange measurement. 

The carrier phase is subtracted from the 
pseudorange value, in circuit 34, to yield a code 
40 offset value, as indicated at 36. Initially, the code 
offset will be zero, but as time progresses, the 
code offset is a value indicative of the accumulated 
differences arising between a code tracking loop 
and a carrier tracking loop in the receiver. Next the 
45 code offset 36 is adjusted for ionospheric effects, 
by subtracting an ionospheric error term in a sub- 
tractor circuit 38. The source of the ionospheric 
corrections may be either a measured ionospheric 
correction generator, as indicated at 40, or a mod- 
so eled ionospheric correction generator, as indicated 
at 42. The measured ionospheric data may be 
obtained as a result of having two carriers available 
in the receiver, or may be obtained from some 
source independent of the GPS. If measured 
55 ionospheric data is not available, data from a model 
of the ionosphere is used, as obtained from the 
satellites as part of the ephemeris data modulating 
the carrier. 

6 
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The ionospheric error is then multiplied by two. 
as indicated at 44, before being subtracted from 
the code offset in circuit 38. The reason for the 
doubling of the correction value is related to the 
divergence between code and carrier measure- 
ments. As mentioned earlier, the ionosphere affects 
code and carrier signals in opposite directions. 
Since the code offset 36 is derived by subtracting 
carrier measurements from pseudo-range (code) 
measurements, the ionospheric error is double its 
value in either one of the two types of measure- 
ments. 

After the ionospheric correction in subtractor 
38, the resulting corrected code offset is smoothed 
in a filter 46 to remove errors derived from mul- 
tipath effects. Because the signal being smoothed 
is not subject to the divergence between code and 
carrier measurements (the ionospheric error having 
been removed), filtering may be carried out for an 
extended time interval without distorting the results. 

After smoothing in the filter 46, the resulting 
smoothed code offset has the ionospheric error 
added back in, in adder circuit 48. Then the in- 
tegrated carrier phase measurements 32 are added 
back in, in adder circuit 50, to yield smoothed 
pseudorange measurements on output line 52. 

The basic embodiment of Fig. 2 provides for 
smoothing of pseudorange measurements with car- 
rier measurements over a relatively long time inter- 
val without any ensuing distortion, because the 
smoothing is done on signals from which Doppler 
effects and ionospheric effects have first been re- 
moved, and are subsequently replaced. 

Figs. 3A and 3B show how the basic embodi- 
ment of Fig. 1 is applied to differential GPS. As 
shown in Fig. 3A, the reference receiver includes 
all of the same components that are shown in the 
basic embodiment of Fig.2, and provides a 
smoothed pseudorange signal on line 52. The ref- 
erence receiver also derives a computed range 
value 54 from its accurately known position and the 
positions of the satellite obtained from received 
ephemeris data. The receiver subtracts the 
smoothed pseudorange value on line 52 from the 
computed range value, in subtractor circuit 56. and 
outputs on line 58 a range error value. 

The basic function of a reference receiver in a 
differential GPS configuration is to provide correc- 
tion signals to remote receivers over a communica- 
tion link other than GPS. In the present invention, 
the reference receiver transmits three different 
measurements to the remote receiver: (a) a code 
offset measurement 36 derived from the output of 
the subtractor circuit 34, as indicated by connector 
A, (b) a smoothed code offset measurement, de- 
rived from the output of adder circuit 48, as in- 
dicated by connector B, and (c) a range error from 
line 58, as indicated by connector C. 
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Computation in accordance with the invention 
at a remote receiver is shown in Fig. 3B. The 
remote receiver also derives a pseudorange mea- 
surement 30' and a carrier phase measurement 
5 32', and subtracts the carrier phase from the 
pseudorange in subtractor circuit 34*, to yield code 
offset 36'. At this point, instead of subtracting an 
ionospheric correction, as in the reference receiver, 
the remote receiver subtracts the code offset input 
io from the reference receiver through connector A, in 
subtractor circuit 38*. In many cases, the remote 
receiver will not have ionospheric correction data 
available and. in any event, the code offset mea- 
surement from the reference receiver contains a 
75 component that is a near-perfect measure of the 
ionospheric error. The output of subtractor 38' is 
smoothed in a low-pass filter 46', and then the 
carrier phase measurement is added back in adder 
circuit 50*, to yield a smoothed range value. 
20 The smoothed range values are then corrected 

by subtracting a range error, using a subtractor 
circuit 60, to obtain a corrected range on output 
line 62. The error value applied to subtractor circuit 
60 is more refined than the range correction re- 
25 ceived from the reference receiver in conventional 
systems. First, the remote receiver computes a 
"range error without code," from the sum of the 
range correction received from the reference re- 
ceiver (over connector C) and the smoothed code 
30 offset received from the receiver (over connector 
B). The sum, obtained in adder circuit 64, repre- 
sents an improved range error value, which is 
subtracted from an estimated range 66 in subtrac- 
tor circuit 68. The estimated range 66 is obtained 
35 from an estimate of the remote receiver's position, 
taken together with ephemeris data received from 
the satellite. This is equivalent to tne computed 
range 54 used in the reference receiver, except 
that the position of the reference receiver is ac- 
40 curately known, while that of the remote receiver is 
only estimated at this stage. 

The output of subtractor circuit 68 is the range 
error (with code) to be subtracted from the 
smoothed range value in adder circuit 60. It will be 
45 understood that the corrected range residual values 
on output line 62 are subsequently used in the 
receiver to compute the position of the remote 
receiver, using computational methods well known 
in GPS technology. 
50 Since removal of ionospheric effects is critical 

to the present invention, it may be helpful to trace 
the ionospheric error through Figs. 3A and 3B. It 
will be recalled that the ionosphere affects the code 
measurements of pseudorange in a positive sense 
55 (i.e. makes the range values too long), and affects 
carrier measurements of range in a negative sense 
(i.e. makes the range values too short). For simplic- 
ity, the ionospheric error will be referred to as I, or 

7 
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+ 1 as it affects code measurements and -I as it 
affects carrier measurements. In the code offset 36, 
or 36\ the ionospheric error is + 21 because code 
offset is derived by subtraction of carrier measure- 
ments from phase measurements. As previously 
discussed, subtractor 38 in the reference receiver 
subtracts out the entire error + 21, to leave a zero 
error at the input of the filter 46. Coming out of the 
filter, the error +21 is added back in, in adder 48. 
Then, in adder 50, the carrier phase is added in, 
with its inherent -I error. Therefore, the ionospheric 
error coming out of adder 50 is 21-1 = I, and the 
ionospheric error in the range error signal on line 
58 to connector C is -I. 

In the remote receiver, subtractor 38' subtracts 
the code offset from the reference receiver from 
the code offset derived in the remote receiver. Both 
inputs to the subtractor 38' have an error +21, so 
the output has a zero ionospheric error. Then, in 
adder 50*, the carrier phase is added to the filter 
output, and introduces an error -I. In the calculation 
of range error in the remote receiver, the adder 64 
receives a -I error input from the range error value 
(through connector C), and a +21 error input from 
the smoothed code offset input (received through 
connector B). The output of adder 64 therefore has 
an error value of -I +21 = I. This error value is 
negated at subtractor 68 and then subtracted, at 
subtractor 60, from another -I input from adder 50'. 
Therefore, the corrected range value on output line 
62 from the subtractor has an error value +(-l)-(-l) 
= 0. 

The overall effect on ionospheric errors in the 
processing performed in Figs. 3A and 3B is that 
the ionospheric error is reduced to zero before 
filtering to remove muHipath errors, and is reduced 
to zero for the output of corrected range measure- 
ments. 

Figs. 4A and 4B show another embodiment of 
the invention for use in differential GPS. In the 
reference receiver, pseudorange (code) measure- 
ments 30 and carrier phase measurements 32 are 
made. Then the computed range 54 is subtracted 
from the pseudorange 30, in circuit 70, to derive a 
pseudorange error measurement 72. Similarly, the 
carrier phase measurement 32 has subtracted from 
it a computed phase value 74, in subtractor circuit 
76, yielding a carrier phase error 78. The two error 
values 72 and 78 are transmitted to the remote 
receiver, as indicated by connectors D and E, 
respectively. 

In the remote receiver, separately derived 
pseudorange and carrier phase measurements 30 f 
and 32* are corrected in subtractor circuits 80 and 
82, respectively, using the correction values trans- 
mitted from the reference receiver, to yield cor- 
rected pseudorange and corrected carrier phase 
values 84 and 86, respectively. The corrected car- 
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rier phase is subtracted from the corrected 
pseudorange, in circuit 88, and the resultant values 
are filtered in a low-pass filter 90. Then the cor- 
rected carrier phase is added back to the filtered 

5 result, using adder circuit 92, to obtain smoothed 
pseudorange values on output line 94. Most of the 
ionospheric errors are removed as a result of trans- 
mitting the pseudorange and carrier phase errors 
from the reference to the remote receiver and 

10 applying these errors as corrections to the 
pseudorange code measurements and carrier 
phase measurements in the remote receiver. This 
is because the transmitted errors contain a compo- 
nent for ionospheric errors as measured at the 

T5 reference receiver, and these errors are not signifi- 
cantly different at the remote receiver location. 

The common feature of the various possible 
embodiments of the invention in the differential 
GPS context is that information in both the code 

20 pseudorange measurements and the carrier phase 
measurements, or their corrections, are transmitted 
from the reference receiver to the remote receiver 
in some form or other. In the embodiment of Figs. 
4A and 4B, the pseudorange errors and the carrier 

25 phase errors are transmitted. In the embodiment of 
Figs. 3A and 3B, the reference receiver transmits a 
range error, a code offset and a smoothed code 
offset. 

It will be appreciated from the foregoing that 

30 the present invention represents a significant ad- 
vance in the field of precision GPS measurements, 
particularly for navigation applications using dif- 
ferential GPS. In particular, the invention provides a 
technique for smoothing code measurements with 

35 ca^'er pha^e measurements, to obtain a more ac- 
curate measure of pseudorange, over a much long- 
er time period W-at previously possible. Moreover, 
the invention has application for single-frequency 
receivers, either operating alone or in conjunction 

40 with a reference receiver in a differential GPS con- 
figuration. It will also be appreciated that, although 
a few embodiments of the invention have been 
described in detail for purposes of illustration, var- 
ious modifications may be made without departing 

45 from the spirit and scope of the invention. Accord- 
ingly, the invention should not be limited except as 
by the appended claims. 

Claims 

50 

1. For use in a global positioning system (GPS) 
receiver having a single frequency of opera- 
tion, a method for smoothing GPS code mea- 
surements of pseudorange with carrier phase 
55 measurements over an extended time interval 

without distortion due to divergence between 
code measurements and carrier measure- 
ments, the method comprising the steps of: 

8 
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obtaining pseudorange cod© measure- 
ments and integrated carrier phase measure- 
ments in a single-frequency GPS receiver; 

deriving from the pseudorange code mea- 
surements and the integrated carrier phase 5 
measurements a composite set of measure- 
ments that is substantially free of Doppler ef- 
fects and ionospheric effects; 

filtering the composite set of measure- 
ments over an extended time interval to re- io 
move errors that affect pseudorange measure- 
ments more than integrated carrier phase mea- 
surements; and 

replacing Doppler effects in the filtered 
composite set of measurements, to obtain 75 
smoothed pseudorange code measurements. 

2. A method as defined in claim 1, wherein the 
step of deriving a composite set of measure- 
ments includes: 20 

receiving pseudorange code corrections 
from a reference receiver; 

applying the pseudorange code correc- 
tions to the pseudorange code measurements, 
to obtain corrected pseudorange code mea- 25 
surements virtually free of ionospheric errors; 

receiving carrier phase corrections from 
the reference receiver; 

applying the carrier phase corrections to 
the pseudorange code measurements, to ob- 30 
tain corrected carrier phase measurements vir- 
tually free of ionospheric errors; and 

subtracting the corrected carrier phase 
measurements from the corrected 
pseudorange code measurements, to obtain 35 
the composite set of measurements without 
ionospheric or Doppler effects. 

3. A method as defined in claim 1, wherein the 
step of deriving a composite set of measure- 40 
ments includes: 

subtracting the carrier phase measure- 
ments from the pseudorange code measure- 
ments, to obtain code offset measurements 
substantially free of Doppler effects; and 45 

subtracting ionospheric error values from 
the code offset measurements, to obtain the 
composite set of measurements substantially 
free of ionospheric and Doppler effects. 

50 

4. A method for smoothing global positioning sys- 
tem (GPS) code measurements of 
pseudorange with carrier phase measurements 
over an extended time interval, the method 
comprising the steps of: 55 

obtaining pseudorange code measure- 
ments and integrated carrier phase measure- 
ments in a GPS receiver; 



subtracting integrated carrier phase mea- 
surements from pseudorange code measure- 
ments to remove Doppler effects and obtain 
code offset measurements; 

removing ionospheric effects from the 
code offset measurements; 

filtering the code offset measurements 
after removal of the ionospheric effects, over 
an extended time interval to remove the effect 
of errors that affect pseudorange measure- 
ments more than integrated carrier phase mea- 
surements; and 

adding back to the filtered code offset 
measurements the integrated carrier phase 
measurements, to obtain smoothed 
pseudorange code measurements. 

5. A method as defined in claim 4, wherein: 

the step of removing ionospheric effects 
from the code offset measurements includes 
applying a correction derived from indepen- 
dent ionospheric measurements. 

6. A method as defined in claim 4, wherein: 

the step of removing ionospheric effects 
from the code offset measurements includes 
applying a correction derived from ionospheric 
model data received with GPS signals. 

7. A method for differential position determination 
at a remote global positioning system (GPS) 
receiver, using a reference GPS receiver of 
which the position is known, the method com- 
prising the steps of: 

in the reference receiver, obtaining 
pseudorange code measurements and integrat- 
ed carrier phase measurements, subtracting 
the carrier phase measurements from the 
pseudorange code measurements to obtain 
code offset measurements, removing 
ionospheric effects from the code offset mea- 
surements, filtering the resulting code offset 
measurements to obtain smoothed code offset 
measurements, adding back the carrier phase 
measurements to obtain smoothed 
pseudorange code measurements, computing 
range measurements from the known position 
of the receiver and known orbital parameters of 
satellites from which signals are being re- 
ceived, and subtracting the computed range 
measurements from the smoothed 
pseudorange code measurements, to obtain 
range corrections; 

transmitting from the reference receiver to 
the remote receiver the code offset measure- 
ments prior to smoothing, and at least one set 
of measurements pertaining to smoothed 
range corrections; 
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In the remote receiver, obtaining 
pseudorange code measurements and integrat- 
ed carrier phase measurements, subtracting 
the carrier phase measurements from the 
pseudorange code measurements to obtain 5 
code offset measurements, removing 
ionospheric effects by subtracting the code 
offset measurements received from the refer- 
ence receiver, filtering the resulting code offset 
measurements to obtain smoothed code offset w 
measurements, adding back the carrier phase 
measurements to obtain smoothed 
pseudorange code measurements, and then 
applying range corrections derived in part from 
the at least one set of measurements pertain- 75 
ing to smoothed range corrections, to derive 
corrected range measurements. 

8. A method as defined in claim 7, wherein: 

in the reference receiver, the step of re- 20 
moving ionospheric effects from the code off- 
set measurements includes applying a correc- 
tion derived from independent ionospheric 
measurements. 

25 

9. A method as defined in claim 7, wherein: 

the step of removing ionospheric effects 
from the code offset measurements includes 
applying a correction derived from ionospheric 
model data received with GPS signals. 30 

10. A method as defined in claim 7, wherein: 

the step of transmitting at least one set of 
measurements pertaining to smoothed range 
corrections includes transmitting smoothed 35 
code offset measurements and transmitting 
range corrections; and 

in the remote receiver, the step of apply- 
ing range corrections includes subtracting the 
smoothed code offset measurements received 40 
from the reference receiver from the range 
corrections transmitted from the reference re- 
ceiver, subtracting the resulting range errors 
from estimated ranges computed in the remote 
receiver, and subtracting the result of the latter 45 
subtraction from the smoothed code offset 
measurements generated in the remote receiv- 
er, to obtain the corrected range measure- 
ments. 

50 

11. A method for differential position determination 
at a remote global positioning system (GPS) 
receiver, using a reference GPS receiver of 
which the position is known, the method com- 
prising the steps of: 55 

in the reference receiver, obtaining 
pseudorange code measurements and integrat- 
ed carrier phase measurements; 
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transmitting to the remote receiver at least 
two sets of measurements selected from the 
pseudorange code measurements, the integrat- 
ed carrier phase measurements, corrections to 
the pseudorange code measurements, correc- 
tions to the integrated carrier measurements, 
and the difference between the pseudorange 
code measurements and the integrated carrier 
phase measurements; and 

in the remote receiver, obtaining 
pseudorange code measurements and integrat- 
ed carrier phase measurements, then process- 
ing the locally obtained measurements using 
the measurements received from the reference 
receiver, to derive a set of measurements sub- 
stantially free of ionospheric effects and Dopp- 
ler effects, filtering this derived set of measure- 
ments to remove noise effects, and restoring 
the Doppler effect to provide a smoothed and 
corrected set of pseudorange code measure- 
ments. 

12. A method as defined in claim 11, wherein: 

in the reference receiver, the method fur- 
ther includes computing theoretical 
pseudorange values and theoretical carrier 
phase values using the reference receiver's 
known position and known information about 
satellite orbits, and computing corrections for 
the pseudorange code measurements and the 
carrier phase measurements; 

the step of transmitting to the remote re- 
ceiver includes transmitting the corrections for 
the pseudorange code measurements and the 
carrier phase measurements; and 

in the remote receiver, the step of pro- 
cessing the locally obtained measurements in- 
cludes applying the corrections transmitted 
from the reference receiver, to obtain corrected 
pseudorange code measurements and correct- 
ed carrier phase measurements that are virtu- 
ally free of ionospheric effects, then subtrac- 
ting the corrected carrier phase measurements 
from the corrected pseudorange code mea- 
surements, to obtain the set of measurements 
for filtering. 

13. For use in a global positioning system (GPS) 
receiver having a single frequency of opera- 
tion, apparatus for smoothing GPS code mea- 
surements of pseudorange with carrier phase 
measurements over an extended time interval 
without distortion due to divergence between 
code measurements and carrier measure- 
ments, the apparatus comprising: 

means for obtaining pseudorange code 
measurements and integrated carrier phase 
measurements in a single-frequency GPS re- 
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ceiver; 

means for deriving from the pseudorange 
code measurements and the integrated carrier 
phase measurements a composite set of mea- 
surements that is substantially free of Doppler 5 
effects and ionospheric effects; 

means for filtering the composite set of 
measurements over an extended time interval 
to remove errors that affect pseudorange mea- 
surements more than integrated carrier phase 10 
measurements; and 

means for replacing Doppler effects in the 
filtered composite set of measurements, to ob- 
tain smoothed pseudorange code measure- 
ments. 75 

14. Apparatus as defined in claim 13, wherein the 
means for deriving a composite set of mea- 
surements includes: 

means for receiving pseudorange code 20 
corrections from a reference receiver; 

means for applying the pseudorange code 
corrections to the pseudorange code measure- 
ments, to obtain corrected pseudorange code 
measurements virtually free of ionospheric er- 25 
rors; 

means for receiving carrier phase correc- 
tions from the reference receiver; 

means for applying the carrier phase cor- 
rections to the pseudorange code measure- 30 
ments, to obtain corrected carrier phase mea- 
surements virtually free of ionospheric errors; 
and 

means for subtracting the corrected carrier 
phase measurements from the corrected 35 
pseudorange code measurements, to obtain 
the composite set of measurements without 
ionospheric or Doppler effects. 

15. Apparatus as defined in claim 13, wherein the 40 
means for deriving a composite set of mea- 
surements includes: 

means for subtracting the carrier phase 
measurements from the pseudorange code 
measurements, to obtain code offset measure- 45 
ments substantially free of Doppler effects; and 

means for subtracting ionospheric error 
values from the code offset measurements, to 
obtain the composite set of measurements 
substantially free of ionospheric and Doppler 50 
effects. 

16. Apparatus for smoothing global positioning 
system (GPS) code measurements of 
pseudorange with carrier phase measurements 55 
over an extended time interval, the apparatus 
comprising: 

means for obtaining pseudorange code 



measurements and integrated carrier phase 
measurements in a GPS receiver; 

means for subtracting integrated carrier 
phase measurements from pseudorange code 
measurements to remove Doppler effects and 
obtain code offset measurements; 

means for removing ionospheric effects 
from the code offset measurements; 

means for filtering the code offset mea- 
surements after removal of the ionospheric ef- 
fects, over an extended time interval to remove 
the effect of errors that affect pseudorange 
measurements more than integrated carrier 
phase measurements; and 

means for adding back to the filtered code 
offset measurements the integrated carrier 
phase measurements, to obtain smoothed 
pseudorange code measurements. 

17. Apparatus as defined in claim 16, wherein: 

the means for removing ionospheric ef- 
fects from the code offset measurements in- 
cludes means for applying a correction derived 
from independent ionospheric measurements. 

18. Apparatus as defined in claim 16, wherein: 

the means for removing ionospheric ef- 
fects from the code offset measurements in- 
cludes means for applying a correction derived 
from ionospheric model data received with 
GPS signals. 

19. Apparatus for differential position determination 
at a remote global positioning system (GPS) 
receiver, using a reference GPS receiver of 
which the position is known, the apparatus 
comprising: 

a reference receiver, including means for 
obtaining pseudorange code measurements 
and integrated carrier phase measurements, 
means for subtracting the carrier phase mea- 
surements from the pseudorange code mea- 
surements to obtain code offset measure- 
ments, means for removing ionospheric effects 
from the code offset measurements, means for 
filtering the resulting code offset measure- 
ments to obtain smoothed code offset mea- 
surements, means for adding back the carrier 
phase measurements to obtain smoothed 
pseudorange code measurements, means for 
computing range measurements from the 
known position of the receiver and known or- 
bital parameters of satellites from which sig- 
nals are being received, and means for sub- 
tracting the computed range measurements 
from the smoothed pseudorange code mea- 
surements, to obtain range corrections; 

means for transmitting from the reference 
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receiver to a remote receiver the code offset 
measurements prior to smoothing, and at least 
one set of measurements pertaining to 
smoothed range corrections; 

a remote receiver, including means for ob- 5 
taining pseudorange code measurements and 
integrated carrier phase measurements, means 
for subtracting the carrier phase measure- 
ments from the pseudorange code measure- 
ments to obtain code offset measurements, w 
means for removing ionospheric effects by 
subtracting the code offset measurements re- 
ceived from the reference receiver, means for 
filtering the resulting code offset measure- 
ments to obtain smoothed code offset mea- is 
surements, means for adding back the carrier 
phase measurements to obtain smoothed 
pseudorange code measurements, and means 
for applying range corrections derived in part 
from the at least one set of measurements 20 
pertaining to smoothed range corrections, to 
derive corrected range measurements. 

20. Apparatus as defined in claim 19, wherein: 

in the reference receiver, the means for 25 
removing ionospheric effects from the code 
offset measurements includes means for ap- 
plying a correction derived from independent 
ionospheric measurements. 

30 

21. Apparatus as defined in claim 19, wherein: 

in the reference receiver, the means for 
removing ionospheric effects from the code 
offset measurements includes applying a cor- 
rection derived from ionospheric model data 35 
received with GPS signals. 

22. Apparatus as defined in claim 19, wherein: 

the means for transmitting at least one set 
of measurements pertaining to smoothed 40 
range corrections includes means for transmit- 
ting smoothed code offset measurements and 
transmitting range corrections; and 

in the remote receiver, the means for ap- 
plying range corrections includes means for 45 
subtracting the smoothed code offset measure- 
ments received from the reference receiver 
from the range corrections transmitted from 
the reference receiver, means for subtracting 
the resulting range errors from estimated 50 
ranges computed In the remote receiver, and 
means for subtracting the result of the latter 
subtraction from the smoothed code offset 
measurements generated in the remote receiv- 
er, to obtain the corrected range measure- 55 
ments. 



23. Apparatus for differential position determination 
at a remote global positioning system (GPS) 
receiver, using a reference GPS receiver of 
which the position is known, the apparatus 
comprising: 

a reference receiver, including means for 
obtaining pseudorange code measurements 
and integrated carrier phase measurements; 

means for transmitting to a remote re- 
ceiver at least two sets of measurements se- 
lected from the pseudorange code measure- 
ments, the integrated carrier phase measure- 
ments, corrections to the pseudorange code 
measurements, corrections to the integrated 
carrier measurements, and the difference be- 
tween the pseudorange code measurements 
and the integrated carrier phase measure- 
ments; and 

a remote receiver, including means for ob- 
taining pseudorange code measurements and 
integrated carrier phase measurements, means 
for processing the locally obtained measure- 
ments using the measurements received from 
the reference receiver, to derive a set of mea- 
surements substantially free of ionospheric ef- 
fects and Doppler effects, means for filtering 
this derived set of measurements to remove 
noise effects, and means for restoring the 
Doppler effect to provide a smoothed and cor- 
rected set of pseudorange code measure- 
ments. 

24. Apparatus as defined in claim 23, wherein: 

the reference receiver further includes 
means for computing theoretical pseudorange 
values and theoretical carrier phase values us- 
ing the reference receiver's known position and 
known information about satellite orbits, and 
means for computing corrections for the 
pseudorange code measurements and the car- 
rier phase measurements; 

the means for transmitting to the remote 
receiver includes means for transmitting the 
corrections for the pseudorange code mea- 
surements and the carrier phase measure- 
ments; and 

in the remote receiver, the means for pro- 
cessing the locally obtained measurements in- 
cludes means for applying the corrections 
transmitted from the reference receiver, to ob- 
tain corrected pseudorange code measure- 
ments and corrected carrier phase measure- 
ments that are virtually free of ionospheric 
effects, and means for subtracting the cor- 
rected carrier phase measurements from the 
corrected pseudorange code measurements, to 
obtain the set of measurements for filtering. 
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© A technique for smoothing pseudorange code 
measurements made in a global positioning system 
(GPS) receiver, with carrier phase measurements, 
over an extended time interval but without distortion 
that usually results from a divergence between code- 
derived pseudorange measurements and carrier-de- 
rived measurements. The basic principle of the in- 
vention is to remove ionospheric effects and Doppler 
effects from the pseudorange code measurements 
prior to filtering over an extended time interval. Re- 
moval of ionospheric effects may be effected by 
applying corrections received from a reference re- 
ceiver, or may be accomplished using measured or 
modeled ionospheric data available to the receiver. 
The invention is applicable to differential GPS posi- 
tion finding using remote receivers having only a 
single-frequency capability, but is also applicable to 
stand-alone GPS receivers of any type. 
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Annex to Supplemental Sheet B 

The common concept linking together the 
independent claims 1 and 13, 4 and 16, 7 and 19, 
and 11 and 23 is the following:- "obtaining 
pseudorange code measurements and integrated 
carrier phase measurements in a GPS receiver- " 
This common concept is not novel, see the cited 
document: Proceedings of the third international 
geodetic symposium on satellite doppler position- 
ing; Vol. 2; 12 February 1982 New Mexico, USA; 
pages 1213-1232 

Hatch: 'The Synergism of GPS code and carrier 
measurements page 1214 to page 1216. 

The features "obtaining pseudorange code measure- 
ments and integrated carrier phase measurements in 
a GPS receiver" of a first group of claims 1 and 
13, and 4 and 16 are known from the cited document: 
The special technical feature, representing the 
contribution over the prior art, of claims 1 and 
13, and 4 and 16 is as follows: 

A method for smoothing GPS code measurements of 
pseudorange with carrier phase measurements over an 
extended time interval comprising the steps 
of : deriving from pseudorange code measurements 
and the integrated carrier phase measurements a 
composite set of measurements that is substantially 
free of Doppler effects; filtering the composite 
set of measurements over an extended time interval 
to remove errors that affect pseudorange 



measurements more than integrated carrier phase 
measurements; and replacing Doppler effects in the 
filtered composite set of measurements, to obtain 
smoothed pseudorange code measurements. 

The features "obtaining pseudorange code measure- 
ments and integrated carrier phase measurements in 
a GPS receiver" of claims 7 and 19 are known from 
the cited document. The special technical feature, 
representing the contribution over the prior art, 
of claims 7 and 19, is as follows: 

A method for differential position determination at 
a remote global positioning system (GPS) receiver, 
using a reference GPS receiver of which the posi- 
tion is known, the method comprising the steps of: 
in the reference receiver, subtracting carrier 
phase measurements from pseudorange code measure- 
ments to obtain code offset measurements, removing 
ionospheric effects froa "he code offset measure- 
ments, filtering the resulting code offset measure- 
ments to obtain smoothed code offset measurements, 
adding back the carrier phase measurements to 
obtain smoothed pseudorange code measurements, 
computing range measurements from the known posi- 
tion of the receiver and known orbital parameters 
of satellites from which signals are being re- 
ceived, and subtracting the computed range measure- 
ments from the smoothed pseudorange code measure- 
ments, to obtain range corrections; 
transmitting from the reference receiver to the 
remote receiver the code offset measurements prior 
to smoothing, and at least one set of measurements 
pertaining to smoothed range corrections; 
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in the remote receiver, obtaining pseudorange code 
measurements and integrated carrier phase measure- 
ments, subtracting the carrier phase measurements 
from the pseudorange code measurements to obtain 
code offset measurements, removing ionospheric 
effects by subtracting the code offset measurements 
received from the reference receiver, filtering the 
resulting code offset measurements to obtain 
smoothed code offset measurements, adding back the 
carrier phase measurements to obtain smoothed 
pseudorange code measurements, and then applying 
range corrections derived in part from the at least 
one set of measurements pertaining to smoothed 
range corrections, to derive corrected range 
measurements • 

Neither this nor any corresponding technical 
feature is present in the first group of claims 1, 
4 , 13, 16, so that the technical relationship 
between the subject-matter of the first group of 
claims 1, 4, 13, 16 and claims 7 and 19 required 
by Rule 30 is lacking, and the requirement for 
unity of invention referred to in Article 82 EPC is 
not fulfilled. 

The features "obtaining pseudorange code measure- 
ments and integrated carrier phase measurements in 
a GPS receiver" of claims 11 and 23 are. known from 
the cited document. The special technical feature, 
representing the contribution over the prior art, 
of claims 11 and 23, is as follows: 

A method for differential position determination at 
a remote global positioning system (GPS) receiver, 
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using a reference GPS receiver of which the posi- 
tion is known, the method comprising the steps of: 
in the reference receiver, transmitting to the 
remote receiver at least two sets of measurements 
selected from pseudorange code measurements, 
integrated carrier phase measurements, corrections 
to the pseudorange code measurements, corrections 
to the integrated carrier measurements, and the 
difference between the pseudorange code measure- 
ments and the integrated carrier phase measure- 
ments; and in the remote receiver, processing 
locally obtained measurements using the measure- 
ments received from the reference receiver, to 
derive a set of measurements substantially free of 
ionospheric effects and Doppler effects, filtering 
this derived set of measurements to remove noise 
effects, and restoring the Doppler effect to 
provide a smoothed and corrected set of pseudorange 
code measurements . 

Neither this nor any corresponding technical feature 
is present in the first group of claims 1, 4 , 13, 
16, nor in the second group of claims 7,19 so that 
the technical relationship between the subject-mat- 
ter of the first group of claims 1, 4, 13, 16, the 
second group of claims 7, 19 and claims 11 and 23 
required by Rule 30 is lacking, and the requirement 
for unity of invention referred to in Article 82 
EPC is not fulfilled. 



